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SUMMARY 



Coinpara':ive cooling tests vjere run on t^vo Wright C9G-C 
(G~2C0) cylinders, one with the original steel fins and one 
with 1-inch spiial copper fins 'bra2(?d on the "barrel. The 
copper fins i::ipr0'ved the over-all heat-transfer coefficient 
from the "barrel to the air 115 percent. At take--off pov/er 
the temperature of the oarrel for the same cooling-air 
pressure drop decreased from 297^ ? to 213^ E. No structur- 
al defect had developed after 60 hours of operation at "brake 
mean effective pressures of 45 to 256 pounds per square inch. 

The ir:pr ovement s determined "by test were in reasonable 
agreement with the Impr o -/err en t computed from fin dimensionse 
Computations were therefore made to determine the improve- 
ment in cooling that could he ohtained v/ith copper and 
aluminum fins having the same v^eights as the original steel 
fins,. In the ranges of practical fin si^^es the copper and 
aluminum fins were equally effective in cooling and were 80 
percent better than the original steel fins* 

INTRODUCTION 



The problem of obtaining sufficient barrel cooling on 
modern high-output air-cooled engines has been the object 
of considerable investigation. Integral steel barrel fins 
have apparently approached a limit of maximum cooling im- 
posed by manufacturing di f f i cul t i es o Previous studies 
(reference l) indicate that, for a given fin weight, con- 
siderably more cooling may be obtained with copper or 
aluminum fins than with steel fins. The chief obstacle to 
the adoption of copper or aluminum fins has been the diffi 
culty of developing a completely satisfactory method of 
attaching the fins to the steel cylinder barrels. 
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The :.:cst suocov?. sful production r.ethocl so fa.r dorelopecL 
for .at taclii::!g fins lias "boen the aluminum nufi, vhich is an 
aluminum cylinder vrith integral fins, machined from a sin^^le 
aluminun "oillet. The muff is shrunk on the cylinder "barrel. 
Objections to the use of the muff are the cost of manu- 
facture and the limitations of fin thickness a?id spacing 
that can ho machined on the muff. 

Cylinder barrels having copper— plat ed steel fins have 
hoen tried on an air— cooled di e s el— engine cylinderc A 
plating O.COS inch thick on steel fins 0<,043 inch thick re- 
sulted in ahout 11— percent improvement in over— all heat 
transfer* Copper platin.^:, hov-everj is lim.it ed in its range 
of possihle im.provement "by the relatively poor fin propor- 
tions imposevi hy lim.itations in machining of the steel fins. 
iTor a given cooling effectiveness the copper— plat ed fins 
v/ill v/eigh more than solid copper or aluminum fins* 

Copper fins have "been tested on "barrels having electri- 
cal heaters inside the here* These tests shovred copper fins 
to he approximately as effective as aluminum fins on a 
v;eight "basis and "both were considerahly "better than steel 
fins a There are, hov/ever, several advantages that copper 
fins have v/hen co?jpared v^ith aluminum, fins. The higher 
therra,l conductivity of copper permits the use of narrower 
fins than can oe used with alum.inum fins for a req.u.ired de- 
gree of cooling, there'by interfering less v/ith the air flow 
to the second "bank of cylinders in a tv;o— rov/ or inline 
engine. Copper also has the advantage of heing easily "b.onded 
to steel hy moans of a "brazing alloy, thereby offering the 
possibility of a perfect bondt, The type of finning described 
in this report has the additional advantage of not requiring 
a special thread belt on the barrel for attaching the cylin- 
der heade 

The object of this reijOrt is to sho>^ by power tests 
the improvement that can be obtained in cooling by the re* 
placem.ent of uteel fins by copper fins. Comparative cool- 
ing tests were run on a standard Ivright C9C-0 (G-200) cylin- 
der on v;hich the barrel fins had been replaced by a 1-inch 
copper fin wound spirally eight turns per inch^ Improve- 
ment?5 in cooling obtained in those tests were compared with 
the im.pr ovement s predicted by the use of calculations shown 
in reference 2, An analysis was also made by computation 
to compare the cooling obtainable with the original steel 
fins and with copper and aluminum fins having the same 
weights as the original steel fins. 
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A study was also nacla to dot ermine the effect of "barrel 
cooling on piston t euper atv.r es , OTDviously^ as the "barrel 
cooling is increased, the temperature drop through the wall 
increases and outside harrel temperatures are no lonfjer a 
satisfactory index of engine coolings Thermocouples were 
installed in the piston, and tests v/ere r\in to determine 
the effect of "oarrel cooling on piston t emp or atur es o 

The tests v;ere condvicted at Langley Ilemorial Aeronauti- 
cal Lao oratory during April and Hay lS42o 



CYLIITDEH C03STEUCTI0M 



The copper— finned cylinder used in these tests con- 
sisted of a cojDper— finned "barrel screv;-ed and shrunk into a 
stock cylinder head. The larrel was a stock V/right nitrided 
forging that v/ai5 machined to .?vCcommodat e the copper fins. 
The copper finning was applied hy Buens od— S t ace:^ Air Con- 
ditioning, Inc., in c ollahorat ion with the Induction Heating 
Corporation and Handy ^ Harman. 

The copper fins were applied iii one contin-Lious strip 
that had oeen preformed to the proper shapeo An adequate 
length of strip was wrapped around the cylinder and pulled 
tight. The assemhly v/as fluxed and a silver solder v:ire 
of the proper sir.e and composition was laid hebween the 
fins» The heating of the assemoly \/as accomplished "by 
passing an induction heating head through the "barrel at the 
proper speedo The speed of the operation was just sufficient 
to Draze the spiral strip progressively to the harrel. The 
entire "brazing operation required appr oxim.at ely 5 minutes 
and at no time was the nitrided "barrel held at the hrazing 
temperature long enough to damage the nitrided case. 

After the "brazing operation, the fins were v;ork— 
hardened "by a special tool« The finished "barrel was sand- 
blasted to remove the excess flux« 

The completed harrel was assembled v/ith the head in 
the v.sual manner and the necessary machining operation re- 
quired to complete the cylinder was performed. 
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APPARATUS AND METHODS 



A standard Wright C9G-C (C~200) cylinder v/ith steel 
fins shov/n in figure l{'b) was first set up on a single- 
cylinder test unit and complel/e cooling tests v/ere con- 
ducted. The copper— f inned cylinder (figo 1(a)) was next 
set up and comparative tests v/cve run. A section of the 
cop2'^er— finned c^'linder showing the steel liner, the "brazed 
"bond, and the fin is shown in figure 3. A com]parison of 
the dimensions of the original steel fins and the iDrased 
copper fin is given in the follc\.ing tahle: 



Width 
(in.) 



Thickness 
(in.) 



' ins / inch 



Axial length 
of finning 
(in.) 



Original steel 0.35 0.025 
Copper loO .027 



5± 



In each case a stock Wright uniflow piston assemliled 
with stock rings v/as r,sed. The piston used v/ith the copper- 
finned cylinder vjas equipped i^itii thermocouples to measure 
temperatures at the crownj the ring "belt, and at a point 
appr oxin.at ely midway in the skirt. The method of installa- 
tion (reference o) and the location of the piston thermo- 
couples arc shovni in figures 3 and 4, The locations of 
the cyl inder— surf ac e thermocouples are shox-;n in figure 5. 
The crankshaft used had a stroke of 7 inches ^ giving a dis- 
placement of 206 cuhic incheSo 



The principal component 
shown diagrammat ically in li 
engine equipment was used f 
tive pressure, engine speed, 
temperatures, and fiiel— a.ir r 
centrifugal "blov/er supplie 
of cooling air vras measured 
entrance of a 12— inch— diamet 
this orifice v/as 0.4 times t 
as recommended in reference 



of the test apparatus are 
gure 6, The standard test— 
r measuring "brake mean effec— 

fuel constimpt i on , cylinder 
atio. A separately driven 
the cooling air. The quantity 
hy an 8— inch orifice at the 
er pipe. The press-are tap for 
he pipe diameter downstream, 



Tests of "both the copper— finned cylinder and the 
standard cylinder were conducted to determine the constants 
used in equations for the average barrel and head tempera- 
tures as functions of the fundamental engine and cooling 
varia"bles hy the methods descri"bod in reference 5. Tests 
were conducted in v;hich each of the following v;as varied 
in turn while the remaining factors were held constant: 
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(1) Brake mean effective pressure 

(2) Mass flov^ of cooling air 
(?) S'uel-air ratio, F/A 

The tests covered tne following range of conditions: 

Brake mean effective pressure, pounds per 

square inch 45-258 

Cooling-air pressure drop across cylinder, 

inches of water 1-20 

Fuel-air ratio . 0,055-0.105 

The friction horsepower was determined "by motoring 
the engine at the test valv.-^ of inl-t-air pressure ^hile 
the oil pressure, the oil temperature, the speed, and the 
cylinder temperatures were held at values as close a.ij 
possible to those olitained under pov^er conditions. 

The fuel used in the oe.st:.. was Army-Navy Fuel Speci- 
fication No. AInI--7Y-NF'-781 having an octane numlDer of 100. 
For the more severe conditions, a sufficient amount of 
lead to prevent audihle knock was added. 



METHOD OF COMPILING DATA 



Although the cooling 'ests were run with conditions 
as nearly the same on both cylinders as pocsihle, :t was 
inpossiol3 to maintain constant cooling-air t emperat ar es , 
The cooling-air temperature varied fion 79^ F to 110^ F, 
making it necessary to apply seme correction to the test 
results before making a comparison. The test data were 
therefore compiled in the maniier outlined in reference 5, 
The nooling characteristics of the cylinder barrel were 
expressed in terms of the equation 



^ — T • n 

:L5_la ^ ^ (1) 

Tg-T-b (a? p/Pq)'" 



where 
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average outside "barrel temperature, ^7 

T- cooling-air t em-perature. 

Si '7 

T effective temperature of gaf;es in cylinder^ ^ 

K proportionality constant determined "by test 

I indicated horsepower 

£»P cooling-air pressure drop across cowling, inches w^ter 

p density of cooling air, taken as average of densities 
of air approaching and leaving fins 

pQ standard air density, taken as density at 29.92 inches 
of mercury and 70^ F 

n experimentally determined exponent 
m exp er iL'.en t al ly determined exponent 

Other symhols used in this analysis are 
H heat-transfer rate, Btu/hour 

Tj^ average head temperature, ^F, taken as average reading 
of head thermocouples indicated in figure 5 

If T^. K, n, and m are known, it is possible to 
compute "barrel temperatures for a wide variety of operating 
conditions. Frora reference 5 it was found that, wi . a 
spark advance of 23^ B.T.C., and inlet-air temperatuie of 
lEC^ and a fuel-air ratio of 0,080, the values of Tg 
should be 

Head 1200^^ F 

Barrel 630^ F 

Variations of with fuel-air ratio were computed 

from tests, as explained in reference 5, Constants for 
the basic heat-transfer equations were determined. From 
these equations the constants for the temperature correla- 
tion formula (l) were determined. Similar equations were 
developed for the rear spark plug and the exhaust valve 
seat, 'The equations thus obtained were used to compute 
the cylinder temperatures shown in later figures. 
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(1) Brake mean effective pressure 

(2) Mass flov^ of cooling air 
(?) Fuel-air ratio, F/A 

The tests covered the following range of conditions: 

Brake mean effective pressure, pounds per 

square inch 45-258 

Cooling-air pressure drop cxcross cylinder, 

inohe?. of water 1-20 

Fuel-air ratio 0.055-0. 105 

The friction hor'^^epowr. wa=5 determined "by motoring 
the engine at the test val^ies of inlet-air pressure while 
the oil pressure, the oil i: empe ratur e , the speed, and the 
cylinder temperatures ^-'ere held ^.t values as close as 
possi'ble to those o"btainea under power conditions. 

The fuel used in the tests was Army-Navy Fuel Speci- 
fication No. AN-V¥~NF-781 having an octane numher of 100, 
For the more severe conditions, a sufficient amount of 

lead to prevent audihle knock was added. 

. METHOD OF COMPILING DATA 

Although the cooling t est s were run wi th conditions 
as nearly the •■ sarrie o.^ "b o t h ' cy 1 i nder s as poosible, it was 
inpos s-ihle • to-maintain conf-^tant cooiin^-air terjperat ar es , 
The cooling-air temperature varied fion 79^ F to IIJ*" F, 
making it necessary to apply seme correction to the test 
results before making a o oiiipar i 5 oh « The test data were 
therefore compiled in the manner outlined in reference 5. 
The rooling characteristics of the cylinder harrel were 
expressed in terms of the equation 



:5_~r_a = rr — _ (1 ) 



whe r e 
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average outside "barrel temperature, 
cooling-air temperature^ 

T effective temperature of gases in cylinder, ^ ■ 
g 

K proportionality constant determined "by test 

I indicated horsepower 

AP cooling-air pressure drop across cowling, inches water 

p density of cooling air, taken as average of densities 
of air approaching and leaving fins 

p standard air density, taken as density at 39.92 inches 
° of mercury and 70° F 

n experimentally determined exponent 

B exp erir-.entally determined exponent 

Other symbols used in this analysis are 

H heat-transfer rate, Btu/hour 

average head temperature, °F, taken as average reading 
of head thermocouples indicated in figure 5 

If T , K, n, and m are known, it is possible to 
compute -barrel temperatures for a wide variety of operating 
conditions. From reference 5 it was found that, with a 
spark advance of 23° B.T.C., and inlet-air temperature of 
150^ F. and a fuel-air ratio of 0.030, the values of Tg 
should be 

Head 1200° F 

Barrel 630° F 

Variations of Tg with fuel-air ratio were computed 
from tests, as explai.ned in reference 5. Constants for 
the -basic heat-transfer eouations were determined. From 
these eouations the constants for the temperature correla- 
tion formula (l) were determined. Similar equations were 
develoTDed for the rear spark plug and the exhaust valve 
seat. ^ The equations thus obtained were used to compute 
the cylinder temperatures ~hown in later figures. 
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iriie ::ietliod of correlating piston t enper atur es i s ex- 
plained in the discussion of results. 



1^'igure 7 shows an example of uncorrected test data 
from the cylinders with the original steel fins and v/ith 
the coTjper finp. The harrel \vith the copper fins was 
60° P cooler at a power of 100 indicated horsepower* She 
cooling— air temperature, however, was 24° P hotter with the 
copper--f innod cylinder » Az a rough estimate, then, the 
reduction in "barrel temperature resulting from the use of 
copper fins should he 84^ l"" . 

The various factors influencing cylinder temperatures 
v;ere correlated in the form, of curves shoivn in figures 8 
through 12. 

Figure 8 shov/s a comparison of the over-all coeffi- 
cients of heat transmission for the original steel fins 
and the copper fins. The improvement resulting from the 
use of copper fins was 115 percent at 4 inches of water 
pressure drop^ The theoretical increase in heat transfer 
as predicted ty equations from reference 2 was 96 percent, 
a condition that shows that the improvements in cooling 
may he computed with reascnahlc accuracy. 

The constants for the various cooling equations are 
ohtained from the data shown in figures 8, 9, 10, 11, and 
12. The general equation and constants are given helow: 



EliSULTS AlTD DISCUSSI0I7 



Cylinder— Temper -^ tur e Corr elat ion 



m 

a 





(AFp/p^) 



m 



whe r e 




a given point on cylinder, 



output, indicated horsepov^er per cuhic 



AP cooling-air pressure drop across "baffle, inches of 
Wat er 
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The value of T_ is o-btained from figure 9 and the values 



of K, m, and n are 


listed in the 


foil owing 


t a 0 1 e : 


Locat i on 


X 


n 


m 


Barrel, copper fins 


0„770 


0,59 


0. 31 


Barrel, steel fins 


1.560 


.59 


.27 


Rear spark plug 


1.085 


.65 


. 27 


Exhaust valve seat 


1.110 


« 50 


. 22 



Piston-Temperature Correlation 

Figure 11 shews the refults of tests to determir.s the 
effect of "barrel temperature on piston temperature. ^^ch 
curve represents data taken at constant poifer output. Tne 
•oarrel temperature was varic-l oj changing the cooling-air 
pressure drop. It is shown that a slope of -0.5 may he 
used to represent the relation "between ^p~'^h ^p 
for the range of temperatures involved. The relation "be- 
tween piston temperature and "barrel temperature was there- 
fore assumed to "be 

^p-^b = K + nTp (2) 

v;here n is slope of the "-ir-. e at constant power repre- 
senting the relation between T^-T-^^ and 



p 

^b 
K 



pi s t on-r ing-belt temperature, F 
average barrel temperature^ ^7 

an experimental function of power, inlet-air tempera- 
ture, fuel-air ratio, spark advance, and compression 
ratio 



Therefore 



n 1 n 



■ 0.5 T 



(3) 



For convenience the ccnstant K is divided into two 
factors 



T-D-'-b = -G" -0.5 Tp 



(4) 
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Factor G- is the constant K v;hen the ftiel-alr ratio 
is OoOSO, the inlet-air temperature is 150^ and the 
spark timing is 22^ BvT.C. Variations in cooD.ing result- 
ing from variations in fuel-air ratio, inlet-air tempera- 
tures ^^'-^^ spark timing are represented "by Figure 
12(13) shoviTG the variation of fG with pov;er computed from 
piston t emper ati;.r es taken s ir.ul t aneousl y with the iDarrel- 
cooling testso 'I'he effect of fuel-air ratio is immedi- 
atel3r apparent. From these curves the following values 
of f are obtained : 



0. 060 

,08 0 

aoo 



f 

1.034 

1.000 
.910 



The failure of a piston thermocouple at the termina- 
tion of the "barrel-cooling test.^ necessitated a disassem- 
"bly of the enginco whan the engine was r eas sem*ble'3 the 
values of f'3- were slightly altered to about 30^ F less 
at 150 indicated horsepower, representing a decrease in 
piston temperature of a'oout 20° F at that power. 

The relation "between & and power can he represented 
by the equation 

G = AI^ 

v/her e 

A proportionality factor 

r experiment al].y deter.T.ined exponent, equal to slope of 
curves in figure 12(*b) 

G correlation factor fG when F/A = 0.080 

For the data of the harrel-cooling tests the con- 
stants were found to give the following eqiiations 

G = 55.1 d^-'^-') (6) 

G = 574 (l/v)°*^^ (7) 



Substituting equation (?) in equation (4) 
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Tp-Ti3 = 574 il/vf''^'^ -0.5 

_ 574 il/vf-'' (3 J 

^ " 1.5 



N Comparative Performance 

The rated pov:er of an engine using C9GC cylinders is 
approximately O^V indicated horsepower per culjic inch. 
Figure 13 shows that at this power otitput and a cooling- 
air pressure drop of lu inches of water the average tem- 
perature is 213^^ F on the copper-finned "barrel, as com- 
pared to 29?^ F on the steel-finnod barrel. The corres- 
ponding piston-ring-belt temperatures are 467 F and 
525^ F. The piston temperatv.re in this case changes 
0,70^ per degree of change in average barrel temperature* 

Figure 13 also shows the decrease in required cooling 
air pressure when the original steel fins are replaced by 
copper finso For examiole^ if it is desired to maintain a 
piston-ring-^belt temperature of 525^ F, the steel-finned 
barrel will require 15 inches of water, as compared v/ith 
1«2 inches of water for the c oppe v^-f inned barrel- 

Figure 14 extends the comparison of cylinder tempera- 
tures to higher and lower power outputs when the cooling- 
air pressure is 16 inches of watere 

A comparison of the changes in piston and barrel 
temperatures as the result of improved fin design shows 
that the outside barrel temperature may be a poor crite- 
rion for barrel cooling. For example, at 0c7 indicated 
horsepower per cubic inch, the average temperature of the 
steel-finned barrel is 297^ F, and of the piston, 525^ F. 
If the power of the copper-finned cylinder were raised 
until the barrel temperature reached 297^ F, the piston 
temperature would be well above 600° F and scuffing of 
the rings would be probableo It is therefore evident 
that the maximum outside barrel temperature should be re- 
duced if the power is increasedo Figure 15 shows the in- 
fluence of power on the barrel temperature required to 
maintain a constant piston-ring-belt temperature of 
525^ F, 
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At the time of the preparation of this report, the 
copper-finned cylinder had completed 6C hours of .opera- 
tion with the trake mean effective pressure varying from 
45 to 258 pounds per square inch. !5'or the greater per-- 
centage of this time the engine v;as operated at an aver- 
age "brake mean effective pressure of 200 pounds per square 
inchr, A close inspection of the finning did nob reveal 
any structural weakness, 'Ihe condition of the piston 
rings and the cylinder bore was particularly good. 

Copper and Aluminum Fins Having the Same 

V/eights as the Original Steel i'ins 

The proportions of the copper fins used in these 
tests were selected solely for ease of fabrication and 
assembly>» The "best fin proportions will be considerably 
different from those selected for this test. These di- 
mensions for a given cylinder are governed by many con- 
siderations that cannot be properly evaluated in this 
study. In some cases it is desired to use copper or 
aluminum fins having the same weight as the steel fins 
now usedo A theoretical study is therefore given here to 
show the improvements in cooling that can be obtained 
from copper or aluminum, fins having the same weights as 
the original steel fins on the Wright C9G0 cylindero 

Figures 16 and 17 show the improvements in computed 
coefficients of over-all heat transfer, U , Btu/(sq in.) 
(^F)(hr), from the outsr^de of the barrel to the air^ when 
copper fins having the same weight as the original steel 
fins are usedo The greatest improvement is 2»17 times 
the heat transfer from the original steel fins and is ob- 
tained with fins 1,4 inches wide and 0,0056 inch thick. 
Such thin fins might be considered to be impractical be- 
cause they would have insufficient mechaaical strength 
and because much thicker fins may be used with little 
sacrifice in coolings At present the practical minimum 
fin thickness m.ay be considered to be in the range from 
0.010 inch to 0,020 inch thick.. In this range the improve- 
ments in heat transfer with proper fin width and spacing 
are 1.8 to 2.1 times the heat transfer from the original 
fins and with no increase in fin weight o 

Figure 18 shows the improvements obtainable from 
aluminum-muff fins having the same weights as the original 
steel fins. The range of practical fin dimensions in the 
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aluminum-*muf f design is restricted by limits imposed in 
machining the fins. With aluminum fins, as with copper 
finsj the fin thickness and spacing may vary consideral^ly 
from optimum without serious loss in heat trans fere 

Representative designs of copper and aluminum fins 

are compared holcwo In each case the dimensions were 

considered to be as near optimum as is practical to 

fabricate by modern methods of production: 



Pins 


Width 
(in. ) 


Th i c kn e s s 
(in.. ) 


Spacing 
(in„) 


UA^teel 


Original steel 


0. 65 


0.025 


0. 093 


1.00 


Copper 


1.10 


, 018 


. 155 


1,85 


Aluminixm 


1,10 


.025 


.105 


1 .78 



Ilough].y, the copper and aluminum fins give the same 
cooling, which is about 1 3 times the cooling of steel 
fins, provided tl:-at the weights of the fins are equal* 

CONCLUSIONS 



From the comparative cooling tests on a standard 
cylinder with steel fins on the barrel and on a cylinder 
with copper fins on the barrel ^ it may be concluded that: 

1. The 1-inch copper fins had a 115--percent greater 
over-all coefficient of heat transfer than the original 
steel fins-, This improvement resulted in a reduction of 
average ba-:rel temperature at rated maximum continuous 
power from 297^ P to 215^ 

2, The improvement to be obtained with better fins 
nay be computed \vith reasonable accuracy by the use of 
the method shown in reference 2o 

3^ Computations show that, in the range of practical 
fin dimensions, copper fins having the same weight as the 
original so eel fins will give at least 1^8 times the over- 
all heat transfer of the original steel finso 



13 



4. In the range of practical fin dimensions, copper- 
and aluminum-m-aff fins having the same wei^-hts will give 
approximately the same over-all heat transfer. 

5. The piston-ring-helt temperature is Relieved to 
be a more accurate criterion than tarrel temperatures for 
required engine cooling. 

6. For equal pi ston-ring-^elt temperatures, a lower 
maximum psrmissilDle iDarrel temperature will be required 
when improved cylinder harvel cooling is provided. 
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(a) Copper-finned barrel. 



Figure 1.- Photograph of m-ight C9GC cylinders 
spiral copper fins. 




(b) Standard C9GC barrel, 
with original steel fins and with 1-inch m 
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(a) Plunger block with contacts. 
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(b) Piston with thermocouple installation and contacts. 
Figure 3. - Piston -thermocouple installation. 
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Figure 14.- Effect of improved barrel cooling on cylinder temperatures. 

Cooling- air teniperahare, loo°F • inlet -air temperature, ibcPf; 
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Plgore 15.- Average "barrel temperaturo required to maintain a piston-ring-belt tonrperature of 525° 
Inlet-air temperature, 150° F; fuel-air ratio, 0.080, 
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